The role of the Karakoram fault (KKF) in evolution of the Tibetan-Himalayan orogenic belt is controversial. Some consider the KKF to be a stable, long-lived feature with several hundred kilometres of offset along its entire current trace, whereas others interpret it as having propagated along its NW-SE trend since initiation at ∼16 Ma with small-scale slip being gradually absorbed by transfer structures along the fault trace. Here we report new zircon U-Pb and mica 40 Ar/ 39 Ar ages related to the Ayi Shan detachment to better constrain the activity of the KKF in southwestern Tibet. The zircon U-Pb data show migmatite ages of 489, 478, and 435 Ma from the footwall of the Ayi Shan detachment involved in the KKF ductile shear zone. Mylonitized migmatite in the South Ayilari did not record any KKF activity. Similarly aged magmatic and metamorphic information recorded in mylonites and undeformed rocks of the Animaqing Group around the North Ayilari also rules out the effect of KKF movement on zircon growth. Cenozoic information recorded in North Ayilari zircons evidently resulted from Trans-Himalayan magmatic belt (THB) magmatism during 45-50 Ma and 32-25 Ma. Four mica dates from the same mylonitized samples all cluster around 12 Ma. Combined zircon U-Pb and mica 40 Ar/ 39 Ar ages from the mylonites and undeformed rocks support the hypothesis that the KKF imposed a structural fabric on the rocks of the Animaqing Group and the THB granites at around 12 Ma in the Ayilari Range. Chronologic, kinematic, and geometric studies demonstrate that the fault propagated southeastward into SW Tibet at 12 Ma.
Introduction
The NW-SE-trending Karakoram fault (KKF) is one of the most prominent morphologic features in the western Himalayan-Tibetan orogen and central to the debate concerning end member models of continental deformation (Searle et al. 2011) .
Over the initiation age and evolutionary history of the fault, data that are utilized to critically assess competing models of continental deformation have resulted in contrasting interpretations of faulting and relevance to these competing models. In the extrusion model, the KKF is interpreted as a stable, long-lived feature initiating at 32-25 Ma along its entire current trace, with only minor changes in kinematics (e.g. Peltzer and Tapponnier 1988; Armijo et al. 1989; Lacassin et al. 2004 ). In the distributed deformation model, the KKF is interpreted as propagating continuously along its NW-SE trend since initiation (e.g. Searle 1996; Murphy et al. 2000; Robinson 2009 ). Over the last few decades, field and laboratory work has been conducted along different segments of the fault, and great progress has been achieved in investigating its geometric, kinematic, and chronological characteristics (e.g. Searle and Phillips (2004) argued that the interpretation of Lacassin's offset granites as being 'syn-kinematic' was incorrect, and instead postulated that ∼16 Ma granites were prekinematic, had a maximum offset of 40-120 km and a corresponding slip rate range of 4-10 mm/year. Analysis in the North Ayilari (Zhaxigang), South Ayilari (Namru), and Kunsha areas (Wang et al. , 2011 ) confirms a late Miocene initiation age of 12 Ma and a low offset of 52 km. Wang et al. (2013) further points out that the granites referred in Leloup et al. (2013) are part of the Ayi Shan detachment Zhang et al. 2011) .
The debates on the role of the KKF are more and more dependent on quantitative analysis data on the elements relating to the KKF, and specific data on the blur Ayi Shan detachment and its relationship with the KKF would be valuable. Here we are reporting some new petrologic and chronologic data on the Ayi Shan detachment; next, we discuss its constraints on the activity of the KKF.
Geological setting
The KKF, the Great Counter thrust (GCT) fault and the Ayi Shan detachment are three regional tectonic features in the Ayilari Range (Figure 1 ). The GCT, also named the South Kailas thrust fault in the Kailas area, is a steady tectonic feature in the study area (Yin et al. 1999; Harrison et al. 2000; Murphy et al. 2010) . The fault is a N-directed thrust Figure 1 . Geologic map of the Ayilari Range showing the first-order geologic structures exposed in the range and location of rock samples analysed by Valli et al. (2007 Valli et al. ( , 2008 and Lacassin et al. (2004) in the North Ayilari. The red star shows the location of the samples dated in this article. Notes: GCT, Great Counter thrust; KKF, Karakoram Fault System; MBT, Main Boundary Thrust; MCT, Main Central Thrust; MFT, Main Frontal Thrust; STD, South Tibetan Detachment. Map is compiled from Murphy et al. (2000) , Xizang BGMR (2005), Sanchez et al. (2010) , and Wang et al. (2011). fault system, with lenses of serpentinized mafic rocks hundreds of metres long and ultramafic rocks that crop out locally along the fault zone, which defines the surface trace of the Indus-Yalu suture zone. The strata involved in the hanging wall of the GCT are mainly of the PalaeozoicMesozoic Tethyan sedimentary sequence, and mélange from the Indus-Yalu suture (Xizang BGMR 2005) . The rocks involved in the footwall are mainly different episodes of granites of the Trans-Himalayan magmatic belt (THB; Miller et al. 2000; Wang et al. 2009 Wang et al. , 2011 , which form the Ayilari Range topographically. Southeast of Namru village, the Neogene strata of the Namru-Menshi basin overlap the pre-Tertiary rocks, and the sequence of brown and purple sandstones that interbed with grey conglomerate resembles the low magnetostratigraphic sequence in the Zhada basin, which has been dated between 7 and 5 Ma (Wang et al. 2008b; Saylor et al. 2009 ). The KKF cuts through the north slope of the Ayilari Range in the Namru-Menshi pull-apart basin, as indicated by the tectonic geomorphology features and ductile shear zones. Between the trace of the GCT and the KKF, the low-angle normal fault of the Ayi Shan detachment is developed (Figure 1) , with the THB granite being the hanging wall, mylonitic orthogneiss, biotite schist, and migmatite of the Proterozoic Animaqing Group being the footwall (Xizang BGMR 2005).
Rock samples and analytical methods
Samples were collected from the footwall of the Ayi Shan detachment at the southern and northern extent of the Ayilari Range (Figure 1 ). The rocks in the Ayi Shan detachment setting show obvious NNW-trending bedding cleavage with moderate dip. The strike of the active KKF parallels the Ayi Shan detachment at the northern slope of the Ayilari Range. The KKF cuts the GCT southeast of Namru village; the relationship between the KKF, the GCT, and the Ayi Shan detachment can be seen in the profile in Figure 2 . Samples SK-7, SK-8, and Z-13 represent the mylonitized migmatite melanosome and leucosome (Figure 2 ), whilst sample Z-07 represents a granodioritic gneiss sampled adjacent to the ductile shear zone.
Zircons were separated by heavy-liquid and magnetic methods at the Laboratory of the Geological Team of Hebei Province, China. Cathodoluminescence (CL) images were then acquired to check the internal structures of individual zircon grains and to select positions for dating analyses. U-Pb dating of zircon from samples SK-7 and SK-8 was conducted using the Chinese Academy of Sciences Cameca IMS-1280 ion microprobe (CASIMS) at the Institute of Geology and Geophysics in Beijing. U-Pb dating of zircon from samples Z-07 and Z-13 was acquired by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Key Laboratory of Continental Collision and Plateau Uplift, Institute of Tibetan Plateau Research, Chinese Academy of Sciences. Both analytical methods follow the procedures of Li et al. (2009) . The natural zircon reference materials, Plesovice (337 ± 0.37 Ma; Slama et al. 2008) and Qinghu (159.45 ± 0.16 Ma, Li et al. 2009 ), were used as external standards for the matrix-matched calibration of U-Pb dating. Weighted mean calculations and probability density plots of U-Pb ages were made using Isoplot/Ex_ver 3 (Ludwig 2001) . Table 1 presents the zircon U-Pb dating results.
Four mica samples from SK-7 and SK-8 were selected and purified using a Frantz magnetic separator and conventional heavy organic liquid techniques. Individual grains 
Results of zircon U-Pb and mica 40 Ar/ 39 Ar dating Zircon U-Pb age
Zircons from sample SK-7 appear light pink or colourless and prismatic (∼100-300 µm long), and show clear oscillatory zoning and inherited cores (Figure 3 4B ). We interpret this to be the crystallization age. Six of the remaining eight analyses on the inherited cores plot along the concordian diagram line and yield ages ranging from 652 Ma to 1427 Ma ( Figure 4B ). These inherited zircon cores are interpreted as reflecting stages in the tectonomagmatic history of the terrane. Zircons from sample SK-8 are light pink or colourless and prismatic (∼100-300 µm long), and show clear oscillatory zoning and inherited cores (Figure 3 ). Of the 20 zircon grains dated in this sample, 17 grains with clear oscillatory zoning have Th/U ratios varying from 0.28 to 0.9 and yield concordant 206 Pb/ 238 U ages between 475 and 514 Ma (Table 1) , with a mean of 489 ± 5 Ma (MSWD = 1.5) ( Figure 4C ). We interpret these ages to represent granite crystallization. Results from two of the remaining three analyses of inherited cores plot along the concordia line and yield inherited core ages of 1046 Ma and 2409 Ma ( Figure 4D ), reflecting the earlier tectonomagmatic history of the terrane.
Zircons in sample Z-07 are light pink or colourless and prismatic, with clear oscillatory zone and inherited cores (Figure 3) . Thirteen of the 22 reliable grain data, whether in rims or in cores, yield mean concordant 206 Pb/ 238 U ages of 746.1 ± 6.9 Ma (MSWD = 2.4), with their Th/U ratios varying from 0.15 to 1.2 (Table 1 , Figures 4E and  4F) . We interpret these ages to represent the crystallization period of granodioritic gneiss forming during the late Proterozoic. Three data samples from zircon cores are from 850 Ma to 907 Ma, indicating an inherited core from an older tectonomagmatic source. Four data samples from oscillatory rims are around 470 Ma with their Th/U ratios between 0.2 and 0.5, indicating a magmatic activity. Additionally, two individual data samples from the oscillatory rims are 45 Ma and 22.8 Ma, with Th/U ratios of 0.14 and 1.2, showing later magmatism during the Cenozoic.
Zircons in sample Z-13 are light pink or colourless and prismatic, most with clear oscillatory zone and inherited cores (Figure 3) . Eleven of the 27 reliable grain data, whether in rims or in cores, yield mean concordant 206 Pb/ 238 U ages of 435.1 ± 2.9 Ma (MSWD = 1.3), with their Th/U ratios varying from 0.03 to 0.29 ( Figure 1 for sample sites). The mica samples display a plateau defined for about 90% of the 39 Ar released at 11.8 ± 0.2 Ma, 12.3 ± 0.2 Ma, 12.4 ± 0.2 Ma, 12.1 ± 0.2, and 11.6 ± 0.1 Ma, respectively (Table 2, Figure 5 ). Isochron and plateau ages of these samples agree within error. We conclude that the plateau ages in Figure 5 provide meaningful cooling ages and that they reflect distinct episodes of the Ayilari granitoid emplacement.
Discussion

Chronological data on Ayi Shan detachment
The SK-7 and SK-8 samples have similar ages analysed from zircon rims and cores, indicating that the migmatites were formed around 490 Ma. Some of the zircons have inherited Proterozic cores, reflecting an older tectonomagmatic history. The micas from samples SK-7 and SK-8 are obviously authigenic minerals that recorded the latest tectonic event that the rock experienced. The samples Z-13 have similar ages to SK-7 and SK-8, and inherited Proterozoic cores. Moreover, the zircons in the Z-13 sample had a growth margin of different generations, indicating that the granodioritic gneiss had undergone metamorphism and magmatism around 149-268 Ma, 47 Ma, and 20 Ma, respectively. Z-07 yielded mean ages of 746.1 ± 6.9 Ma, and is concordant with the age attributed to the Animaqing Group (Xizang BGMR 2005). The Z-07 rim records a 490 Ma magmatic event, as seen in samples of SK-7, SK-8, and Z-13. The zircon also records magmatism at 45 Ma and 22 Ma, as in Z-13. Because the Ayi Shan detachment is characterized by the THB granites as the hanging wall and the Animaqing Group as the footwall, it seems its activity time should be sometime later than the 32-25 Ma period, which is the latest intrusion time of the THB around the Ayilari Range (Wang et al. 2011) . Valli et al. (2007) obtained a 14 Ma mica 40 Ar/ 39 Ar age from the North Ayilari section, which we attribute to the initiation time of the Ayi Shan detachment (Wang et al. 2013) . The initiation time of the Ayi Shan detachment is similar to the initiation of the gneiss domes in southern Tibet such as the Kangmar and Kampa Domes (e.g. Chen et al. 1990; Lee et al. 2000; Queigley et al. 2006) , implying similar tectonic backgrounds in the Himalayan Orogen in the Miocene.
Since the Proterozoic and Ordovician migmatitite and granodioritic gneiss lies north of the Yarlung-Zangpo suture, they should be part of the Lhasa block basement rocks. The Lhasa block basement is well known for its Permo-Carboniferous metasedimentary rocks (Xizang BGMR 1993) . Until now, only one location of Ordovician magmatism has been reported within the north edge of the Lhasa block (Ji et al. 2009; Zhu et al. 2012) . These papers report zircon U-Pb ages of ∼493 Ma, similar to the zircon U-Pb ages shown in this study. The discovery of the Proterozoic and Ordovcian migmatitite and granodioritic gneiss around Ayilari Range will benefit the study of the evolutionary history of the Lhasa block.
Chronological constraint on activity of KKF
The new Zircon U-Pb ages reported in this study confirm that the Proterozoic to Ordovician rocks in the footwall of the Ayi Shan detachment are part of the Ayilari Ranges (Xizang BGMR 2005; Sanchez et al. 2010; Zhang et al. 2011; Wang et al. 2013) . Previous research has shown that the Ayilari Range consisted mainly of three episodes of granites at ∼60 Ma, 45-50 Ma, and 32-25 Ma (Lacassin et al. 2004; Valli et al. 2007 Valli et al. , 2008 Wang et al. 2009 Wang et al. , 2011 . Additionally, the mylonites at the North Ayilari are mainly granitic with a 32-25 Ma zircon U-Pb age. Whilst some authors attribute the 32-25 Ma granite to be part of the THB (Wang et al. 2011) , others suggest that this reflects syn-kinematic granitoid magmatism associated with initiation of the KKF (Lacassin et al. 2004; Valli et al. 2007 Valli et al. , 2008 .
Sample Z-13 was collected from the KKF ductile shear zone in the North Ayilari Range. The zircons record magmatic or metamorphic fluid activity during the period 47 Ma and 32-25 Ma. Further, some of the zircons from sample Z-07, which was collected away from the KKF ductile shear zone in North Ayilari, also recorded magmatic or metamorphic fluid activity during the same periods. The zircon ages of the two samples, regardless of whether they were in the fault zone, have similar Cenozoic magmatic or metamorphic information, indicating that the activity of the KKF had no effect on the growth of the zircon. It is suggested that the THB magmatism that occurred at 45-50 Ma and 32-25 Ma affected some of the zircons in the Animaqing Group. If this is correct, then this implies that deformation associated with movement along the KKF is initially recorded in the THB and Animaqing Group at 12 Ma, as dated by the authigenic mica age in the ductile zone (Valli et al. 2007; Wang et al. 2011) .
Granite of Ordovician age (SK-7 and SK-8) was later deformed in the KKF ductile shear zone in the South Ayilari, but the zircon U-Pb ages of samples SK-7 and SK-8 do not record any Cenozoic magmatic or metamorphic fluid activity, indicating that KKF deformation did not result in the formation of new zircon rims. This is the same scenario as with the 60 Ma and 45-50 Ma THB granites involved in the KKF ductile shear zone in the South Ayilari (Wang et al. , 2011 . Moreover, the mica 40 Ar/ 39 Ar ages of the Ordvician granites (SK-7 and SK-8) all fall around 12 Ma, similar to the mica 40 Ar/ 39 Ar ages of THB granites in the KKF ductile zone around Namru (Wang et al. , 2011 . Therefore, the combined zircon U-Pb data and 40 Ar/ 39 Ar mica ages strongly support the concept that deformation related to the KKF first initiated in the southern Ayilari Range at ∼12 Ma.
New data reported in this article suggest that the KKF propagated to the southern and northern Ayilari Range Figure 5 . 40 Ar/ 39 Ar age release spectra for mica.
Note: MSWD, mean square of weighted deviation.
by 12 Ma. The data do not support the proposal that the initiation time of the KKF was around 32-25 Ma, as deduced from the granite zircon U-Pb ages at the North Ayilari (Valli et al. 2007 ). Below, we highlight additional concerns regarding earlier movement along the KKF (in the period 32-25 Ma) as outlined by, for example, Valli et al. (2007) .
(1) Given that the KKF is dominantly strike slip with an offset of 52-60 km (e.g. Murphy et al. 2000; ) and since age data in the South Ayilari suggest movement at ∼12 Ma (Wang et al. , 2011 , transfer structures should exist between the northern and southern Ayilari Range to absorb such a large offset if the movement of the KKF is around 32-25 Ma at the North Ayilari as Valli et al. (2007) A model for the role of KKF in Tibetan deformation Leloup et al. (2011) summarized almost all the zircon U-Pb age data along the entire KKF zone, and these data show that granite age dates between 32-25 Ma are derived only from the northern Ayilari Range. These authors also found an 18-16 Ma age for the KKF at the middle segment of the fault, as had Searle et al. (1998) and Phillips et al. (2004) . Since all the data in this article suggest that the North Ayilari granite is not syn-kinematic granite of the KKF, we conclude that the KKF initiated its strike slip after 18 Ma in the middle part of the KKF trace and it propagated southeastward into southwestern Tibet around 12 Ma. The KKF offsets the GCT fault in the Namru-Menshi basin (Figure 1 ). This thrust fault was active before 13 Ma, having been offset by the KKF by about 52-66 km (Yin et al. 1999; Murphy et al. 2000; . If the displacements show the greatest offsets along the southern segment of the KKF, one can calculate a long-term slip rate of 4.3 ± 0.2 mm/year based on the 12 Ma initiation time in this segment of the KKF. Our calculated slip rate of ∼4.3 mm/year indicates that the fault has undergone a slow average slip since ∼12 Ma. Previous studies show that most of the 66-52 km offset has been absorbed by the Zhada-Ayilari-Menshi basin-range system (Wang et al. 2008a (Wang et al. , 2008b ) and the Gurla Mandhata detachment system (Murphy et al. 2000 (Murphy et al. , 2002 . To the east, the fault trace becomes discontinuous and finally disappears in the middle of southern Tibet . These observations indicate a distributed deformation character of the fault (Figure 6 ), rather than large-scale crustal extrusion suggested by Leloup et al. (2013) ; Valli et al. (2007 Valli et al. ( , 2008 and Lacassin et al. (2004) .
Conclusions
New zircon U-Pb ages demonstrate that Ordovician migmatite (489, 478, and 435 Ma) from the footwall of the Ayi Shan detachment was later deformed within the KKF ductile shear zone. Proterozoic gneiss of the Animaqing Group is also part of the detachment footwall. Zircons in the South Ayilari mylonitic migmatites were unaffected by activity along the KKF; similar Cenozoic magmatic and metamorphic data recorded in mylonites and undeformed rocks of the Animaqing Group also rule out the possibility that KKF movement influenced the growth of North Ayilari zircons. The Cenozoic information recorded in the North Ayilari zircons reflects magmatism at 45-50 Ma and 32-25 Ma. Based on zircon U-Pb age and mica 40 Ar/ 39 Ar ages from mylonites and undeformed rocks, it appears that the KKF first deformed the Animaqing Group and THB granites at ∼12 Ma Thus, we interpret the 12 Ma mica age in the ductile shear zone as evidence for the initiation time of the KKF movement in the Ayilari Range. Whilst slip along the central segment of the fault, in Ladakh, northwest India, was initiated at ∼16 Ma, our data suggest that the fault lengthened its trace along strike into the Namru-Menshi area at ∼12 Ma. Chronologic, kinematic, and geometric studies of the KKF demonstrate that the fault propagated southeastward into SW Tibet in a distributed manner.
